. The refractive secondary concept, shown in Figure 2 , also offers the benefit of directed flux tailoring within the receiver cavity via a unique "flux extractor."
Such a device has the potential to improve the energy transfer to the Stifling heater head.
FIGURE 2. Refractive Secondary Concentrator
Stirling convertors have the potential to provide very high thermal-to-electric conversion efficiency. Stirling Technology Company (STC) in Kennewick, Washington has successfully designed, built, and operated free-piston convertors at 10 watts and 350 watts for terrestrial applications.
The 350 watt STC convertor is pictured in Figure 3 . STC is also developing a space-rated, 55 watt unit for radioisotope applications designed to provide system conversion efficiencies of greater than 24% (White, 1999) . All of these engines share common technology characteristics including flexure bearings and linear alternators. The 10 watt engine has undergone endurance testing to over 50,000 hours in order to demonstrate long life and reliability. 
STUDY GROUND RULES
The overall study objectives were three-fold: 1 ) determine the feasibility of a solar Stirling power system for deep space missions using various advanced component technologies, 2) determine the key parameters which most influence system performance, and 3) compare system performance to other deep space power system options. The analysis evaluated system mass and deployed area for solar thermal power systems out to Pluto (about 40 AU).
Some of the key study assumptions are provided in Table 1. A reference electrical power level of 200 watts was chosen as typical of future deep space missions.
The insolation and effective sink temperature were varied with distance from the Sun. Several of the component metrics were derived from design work performed by Orbital Sciences Corporation (OSC) in support of a Stirling concept for ARPS (Schock, 1999) . The solar heat receiver was envisioned as a simple structure which supports the secondary concentrator and provides a thermal interface to the Stirling heater head, similarly to the GPHS container for the radioisotope Stirling concept. The waste heat radiator and the power management and distribution (PMAD) system were also derived from the OSC Stifling concept. A 10% system mass margin was included to account for interface structure and other unknowns. (R/T) efficiency of 63%, an areal density of 2 kg/m z (which includes the gas make-up system), and an Earth geometric concentration ratio (GCR) of 1600:1. The Earth GCR is defined as the ratio of the primary concentrator area to the receiver aperture area (or secondary entrance area) as required at 1 AU and provides a measure of the concentrator's overall surface accuracy. The theoretical maximum GCR for a solar concentrator at 1 AU having a focal distance-to-diameter (f/d) ratio of I is about 12000:1. This ratio varies with distance from the sun in relation to the subtended angle of the Sun relative to the concentrator.
A second primary concentrator concept employing inflatable structure and a flat, fresnel reflector was assumed to have a combined R/T efficiency of 85%, an areal density of 0.5 kg/m -_,and an Earth GCR of 1000:1. Three different secondary concentrator options were considered: no secondary, a reflective secondary, and a refractive secondary. The masses of the secondary concentrators were scaled based on previous designs, the refractive crystal having a mass of over four times that of the reflective option for the same entrance diameter, The Stirling temperature ratio (Trat, defined as Thot/Tcold) and heater head temperature (Thot) were concurrently optimized for minimum system mass. Generally, higher temperature ratios relate to higher conversion efficiency (smaller primary concentrators) at the expense of lower waste heat rejection temperatures (larger radiators).
Consequently, a mass optimized temperature ratio results from the trade-off of concentrator mass and radiator mass. Varying the heater head temperature yields a minimum system mass based on a balance of infrared cavity loss and Stifling efficiency.
Higher temperatures result in greater receiver losses, but allow the Stifling to operate at higher efficiency (higher Trat) without adversely effecting radiator size. Like the temperature ratio optimization, the heater head temperature optimization also results from a compromise between concentrator mass and radiator mass. For this study, Stirling temperature ratio was limited to 4.5 and heater head temperature was limited to 1300 K. Figure 4 illustrates the Stirling optimization process showing system mass as a function of Stifling temperature ratio for a Jupiter mission (5.2 AU) using a Fresnel primary and a refractive secondary.
STUDY RESULTS
Local minimum mass points for each of three different heater head temperatures are indicated by asterisks. Higher temperatures result in greater optimum temperature ratios. The global minimum mass design point was achieved at a heater head temperature of I150K and a temperature ratio of 3.8 resulting in a system mass of 33.6 kg. The optimum heater head temperature and temperature ratio varied greatly with mission destination (i.e. solar distance). For Mars, minimum system mass was achieved at a heater head temperature of 130OK, while a Pluto system resulted in a minimum mass heater head temperature of 600K.
The key factor in determining the optimum heater head temperature was the size of the receiver aperture and the associated infrared losses. At near-Earth distances, the receiver aperture was relatively small so a high temperature cavity did not produce excessive losses. However, as the primary concentrator increased for greater solar distances, a corresponding increase in receiver aperture size necessitated a lower cavity temperature to control receiver losses. Table 2 . The Fresnel primary and refractive secondary combination resulted in the lowest system mass. The higher mass for the thin-film cases, was primarily a result of the 4x increase in areal density relative to the Fresnel. The Fresnel/refractive system also corresponded to the highest system efficiency, defined as the ratio of electric power produced to solar power collected by the primary.
System efficiency was found to be a good indicator of system mass since the primary concentrator tended to be the dominant mass component. The primary concentrator was about 35% of the system mass at 5.2 AU, and beyond 10 AU, the mass fraction increased to greater than 50%. The performance metrics assumed for the two primary concentrator options were chosen by projecting present day performance toward future systems. Uncertainty in those projections makes it appropriate to evaluate performance sensitivities. Figure 5 compares system mass versus primary diameter at 5.2 AU with parametric variations in Earth GCR, areal density, and R/T efficiency.
The reference point represents the baseline assumptions for the Fresnel primary: 1000:1 Earth GCR. 0.5 kg/m z, and 85% R/T efficiency.
In general, the Earth GCR and the RFF efficiency parameters have a greater influence on the primary diameter size. Conversely, the concentrator areal density has a dramatic effect on system mass. These same trends were consistent over the entire range of solar distances considered in the study. The variation in system mass and primary diameter with increasing solar distance is presented in Figure 6 . Since areal density was determined to be a key system mass driver, values from 0.1 kg/m: to 5 kg/m: were considered.
Based on the entrance diameter and the corresponding mass of the refractive crystal, it was desirable to use a reflective rather than a refractive secondary for missions beyond 10 AU. Below 10 AU. reasonable system mass was achievable with primary concentrators of less than 10 m and areal densities of less than 2 kg/m:. Systems for missions beyond 10 AU required primary concentrators greater than 20 m and areal densities below 0.5 kg/m" in order to achieve reasonable system mass. the 10 AU breakpoint serves as a reasonable upper limit for this technology as compared to radioisotope power systems. Table 3 compares system performance of 200 watt solar Stirling power systems at 1.5 AU (Mars), 5.2 AU (Jupiter), and 9.5 AU (Saturn) with two different radioisotope options: ARPS and small RTG.
The solar power systems utilize the Fresnel/refractive concentrator configuration and vary in specific power from just under 3 W/kg for Saturn to almost 11 W/kg for Mars. The radioisotope systems require two units to approach the 200 watt end-of-mission (EOM) requirement resulting in specific power levels between 4 and 5 W/kg. A 200 watt solar Stirling for Jupiter has about the same mass as two ARPS units providing 150 watts EOM. The ARPS configuration would require 6 GPHS modules for the two units, while the small RTGs would require a total of 12 GPHS modules.
In reference to the size of the solar collector, the 5.3 m primary concentrator diameter for the Jupiter system is similar to one Tracking and Data Relay Satellite System (TDRSS) antenna.
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